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Optical ﬂow algorithmPutana is a stratovolcano in the central Andes volcanic zone in northern Chile on the border with Bolivia. Fuma-
rolic activiy has been visible at its summit crater at 5890 m altitude from long distances since the early 1800s.
However, due to its remote location neither detailed geological studies have been made nor gas ﬂuxes have
beenmonitored and therefore its evolution remains unknown. On November 28, 2012 an ultraviolet (UV) imag-
ing camera was transported to Putana and for about 30 min images of the fumaroles were recorded at 12 Hz.
These observations provide the ﬁrst measurements of SO2 ﬂuxes from the fumarolic ﬁeld of Putana and demon-
strate the applicability of the UV camera to detect such emissions. The measurement series was used to assess
whether the sampling rate of the data inﬂuences the estimate of the gas ﬂux. The results suggest that measure-
ments made at 10 s and 1 min intervals capture the inherent (turbulent) variability in both the plume/wind
speed and SO2 ﬂux. Relatively high SO2 ﬂuxes varying between 0.3 kg s
−1 and 1.4 kg s−1, which translates to
26 t/day and 121 t/day assuming constant degassing throughout the day, were observed on November 28,
2012. Furthermore, we demonstrate how an optical ﬂow algorithm can be integrated with the SO2 retrieval to
calculate SO2 ﬂuxes at pixel level. Average values of 0.64 kg s
−1 ± 0.20 kg s−1 and 0.70 kg s−1 ± 0.53 kg s−1
were retrieved from a “classical” transect method and the “advanced” optical ﬂow based retrieval, respectively.
Assuming constant emissions throughout all times, these values would results in an average annual SO2 burden
of 20–22 kT.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
1.1. Background
The emission of sulfur dioxide (SO2) to the atmosphere from volca-
nic sources has important environmental and geological implications.
SO2 impacts air quality and detrimentally affects plant health in the im-
mediate vicinity of volcanoes (e.g., Delmelle et al., 2002; Hansell and
Oppenheimer, 2004). Furthermore, ﬂuctuations in sulfur dioxide can
often provide insights into changes in magma storage and movement
andmay precede eruptive activity (e.g., Barberi et al., 1992). Knowledge
of SO2 ﬂuxes at volcanoes elucidates information about the transfer of
species such as CO2 and halogens, as well as SO2 itself, between major
Earth reservoirs. This has signiﬁcant implications for the global chemical
cycles (Oppenheimer et al., 2011). Current estimates of the volcanic SO2
budget are based on satellite measurements (e.g., Realmuto et al., 1994;
Carn et al., 2003; Theys et al., 2013) and ﬁeld campaigns (e.g., Andres@sernageomin.cl (A. Amigo),
ion.com (A.J. Prata).
. This is an open access article underand Kasgnoc, 1998, and references therein) which typically are restrict-
ed to actively degassing vents. The exact contribution from volcanoes is
poorly constrained due to the logistical and technical difﬁculties arising
inmeasuring emissions frompassively degassing volcanoes, where con-
centrations are low, butmay be sustained over a long period of time. Fu-
marolic emissions from volcanic ﬁelds are of importance when
considering the global geochemical cycles; previous studies predomi-
nantly used in situ methods to measure trace element ratios
(e.g., Shinohara et al., 2011; Zelenski et al., 2013). So far, because of
the difﬁculties associated with measuring low gas ﬂuxes, relatively
fewattempts have beenmade to constrain sulfur dioxideﬂuxes from fu-
maroles (e.g., Tamburello et al., 2011a; Padrón et al., 2012). This paper
provides the ﬁrst estimates of SO2 emissions from an example of
sustained, low concentration degassing at Putana volcano, Chile and
demonstrates the applicability of an ultraviolet (UV) imaging camera
to detect such emissions.
1.2. UV remote sensing
While imaging techniques to monitor SO2 emissions from industrial
stacks using an ultraviolet video system have been known for nearlythe CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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for SO2 observations from volcanoes by Mori and Burton (2006) and
Bluth et al. (2007) as a fast alternative to the widely used miniatured
USB-powered grating spectrometers (e.g., McGonigle et al., 2002;
Galle et al., 2003; McGonigle, 2005; Horton et al., 2006; McGonigle,
2007; Kantzas et al., 2009). These spectrometers had successfully re-
placed the popular COrrelation SPECtrometer (COSPEC) instrument,
the latter being used for three decades to monitor SO2 ﬂuxes from in-
dustrial stacks as well as from volcanoes (e.g., Moffat and Millan,
1971; Casadevall et al., 1983; Stoiber et al., 1983; Stix et al., 2008).
Nowadays, ultraviolet remote sensing is commonly used for moni-
toring of volcanic sulfur emissions (e.g., Oppenheimer, 2010) and
mini-DOAS instruments are widely spread for automated monitoring
of SO2 ﬂuxes, for example at Soufrière Hills Volcano, Montserrat
(Edmonds et al., 2003), at Mt. Etna, Italy (Salerno et al., 2009), within
the FLux Automatic Measurement (FLAME) network at Stromboli,
Italy (Burton et al., 2009) and in particular through the global Network
for Observation of Volcanic and Atmospheric Change (NOVAC) (Galle
et al., 2010).
UV imaging cameras have quickly become a popular tool for
ground-based remote sensing of volcanic emissions. The beneﬁt of
the technique was recognized when highly sensitive fast charge-
coupled device (CCD) cameras became affordable. Initially the SO2
cameras were equipped with a single ﬁlter in a spectral region
where SO2 is highly absorbing (~307 nm) (Bluth et al., 2007). The
system (Mori and Burton, 2006) developed used a second band
path ﬁlter centered around 330 nm to compensate for broad-band
effects, e.g., light scattering by aerosols and condensed water drop-
lets and aerosol (ash) absorption.
Since then, large improvements have beenmade with respect to in-
strumental development and monitoring strategies (Kantzas et al.,
2010; Kern et al., 2010; Tamburello et al., 2011b), absolute calibration
(Lübcke et al., 2013), the challenges related to radiative transfer and
the inﬂuence of aerosols (Kern et al., 2013), and the determination of
plume motion vectors for improved ﬂux measurements (Peters et al.,
2015). UV cameras have been used to monitor SO2 emissions from vol-
canoes (typical ﬂuxes ~ 10–100 kg s−1; Burton et al., 2015, and refer-
ences therein), power plants (~1–10 kg s−1; McElhoe and Conner,
1986; Ajtai, 2012) and ships (~0.002–0.1 kg s−1; Prata, 2014). So far,
the only fumarole ﬁeld observations using UV cameras were made by
Tamburello et al. (2011a) at the La Fossa crater, Vulcano Island.Table 1
Main speciﬁcations of the Envicam-2.
Optics 25 mm UV lens F/2.8
Image size 1344 × 1024 pixels
Chip size 4.65 μm
Total ﬁeld-of-view 14.3° × 10.9°
Filter 1 310 nm
Filter 2 325 nm
Filter 3 empty
Filter 4 dark
Sampling rate 12 Hz [35.7 Hz 4 × 4 binning]
Exposure setting 1 μs to 1 s
Detector Hamamatsu C8484-16C
Digitization 12 bits1.3. Putana volcano
Putana is a stratovolcano in the central Andes volcanic zone in north-
ern Chile on the border with Bolivia (22°33′S, 67°51′W)with a peak al-
titude of 5890m (González-Ferrán, 1995). The volcano summit crater of
diameter 0.5 km consists of two inner craters, where fumarolic activity
has been producing 100–500 m high plumes since the early 1800s
(Tassi et al., 2011, and references therein), with the most recent erup-
tion reported in early 19th century (Rudolph, 1955). Fumarolic activity
remains signiﬁcant with gas emission temperatures of 82–88 °C and
source temperatures of 500 °C. In agreement with the relatively high
temperatures found, the gas species are dominated by high SO2 and
H2S concentrations (up to 53 mmol/mol and 8.5 mmol/mol, respective-
ly) suggesting that magmatic degassing is the dominant ﬂuid source
(Tassi et al., 2011).
The volcano shows a well-preserved summit crater, satellite vents
and several post-glacial lava ﬂows. Despite the persistent degassing
through high-temperature fumaroles, they form a weak satellite ther-
mal anomaly reaching temperatures of only 5 K above the background
(Jay et al., 2013). Deformation studies from InSAR indicated a period
of uplift of 4 cm between September 2009 and January 2010 and coinci-
dent seismic swarms are indicative ofmagmaticmovement beneath the
surface (Henderson and Pritchard, 2013; Pritchard et al., 2014).However, detailed geological studies have not been done and therefore
its evolution remains unknown.
The aim of the paper is to provide ﬁrst estimates of the SO2 ﬂuxes
from the fumarolic ﬁeld of Putana volcano and to demonstrate the ap-
plicability of a UV imaging camera to detect such emissions.
2. Hardware and methodology
2.1. SO2 camera
The UV camera (frequently called SO2 camera) is in this work based
on an uncooled Hamamatsu C8484 UV camera with high quantum efﬁ-
ciency in the UV from 280 nm onward (N30% at 300 nm). The camera is
fast sampling (12Hz) and has a custom-made four-position ﬁlter-wheel
equippedwith two 10nmwideﬁlters centered at 310 nmand 325nm, a
UV broadband view and a blackened plate for automated dark-current
measurement. The main speciﬁcations of this system, called Envicam-
2, are given in Table 1.
For the measurements presented here a UV lens with a focal length
of 25 nm (F/2.8 lens) was used. With a given CCD effective area of
6.25 mm × 4.76 mm the full ﬁeld of view of the camera is therefore
14.3° × 10.9°. The camera is controlled from a laptop with a frame grab-
ber via custommade software. Camera exposure times vary, depending
on illumination conditions, between 12.4 s and 1 s. The system is
equipped with a co-aligned miniature spectrometer (USB2000+ from
Ocean Optics Inc.) and an integrated webcam to capture the general
overviewof the scene. The Envicam-2 imaging system is built into a pro-
tective casing, can be setup in about 10 min and can be powered either
via mains power or a 12 V battery.
A precursor of this UV camera has recently been used to show that
SO2 cameras are, besides useful for monitoring volcanic and stack emis-
sions, able to measure SO2 ﬂuxes from ships (Prata, 2014). A detailed
overview of the instrumental parameters of the Envicam-2 is given in
Kern et al. (2015), Table 1 where the authors present an inter-
comparison of seven state-of-the-art SO2 cameras gathered during the
ﬁrst Plume Imaging Workshop at Mt. Stromboli, Italy, in June 2013.
2.2. Retrieval of SO2 ﬂuxes
The principles for the data analysis and calibration procedure for the
UV camera are described in detail in Prata (2014), therefore only a short
summary of the speciﬁcs applied to this dataset is given. Under opti-
mum measurement conditions, i.e., negligible aerosol scattering, the
SO2 path concentration ρ [g m−2], i.e., the concentration c integrated
over the light-path L, can be estimated from the Beer–Bouguer–Lambert
law as:
ρ ¼ c  L ¼ 1
σ λð Þ ln
Io λð Þ
I λð Þ ð1Þ
with the SO2 absorption cross section σ(λ) at wavelength λ, the mea-
sured light intensity I(λ) and the background light intensity I 0(λ). The
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σ= 2.343 e−19 cm2 molecule−1, calculated from the laboratory data
of Vandaele et al. (2009).
Background images can bemodeledwell using the same linear com-
bination of a Gaussian and a cubic equation (see Prata, 2014, Eq. (5)).
The digital number DNo for a given image pixel p is approximated as:
DNo pð Þ ¼ A0exp −
x2
2
 !
þ A3 þ A4pþ A5p2 þ A6p3
x pð Þ ¼ p−A1
A2
:
ð2Þ
The ﬁt parameters A0–A2 describe the height, center andwidth of the
exponent. A3–A6 describe the constant, linear, quadratic and cubic
terms, respectively.
The SO2 path concentration can then be estimated from the ratio
between the measured dark corrected digital signal of the fore-
(DN− DNd) and background image (DNo− DNo, d) via a linear cali-
bration with intercept A= 0.27 m2 g−1. An offset is ﬁtted in the SO2
free area of the SO2 images to account for illumination differences
between calibration and observations.
ρSO2 ¼ A ln
DNo−DNo;d
DN−DNd
þ B: ð3Þ
From this the SO2 ﬂux se can be calculated as
se ¼ wvp withw ¼
Z z0
z1
ρSO2 zð Þdz ð4Þ
with the average plume speed vp and the integrated SO2 path concen-
tration w. vp has been retrieved from the displacement of features at
the top of thermals in consecutive sets of difference images with time.
w has been calculated along a transect line across the plume, orthogonal
to the main plume dispersal direction.
An alternative algorithm has been developed to compute the SO2
ﬂux at (super)-pixel level from the UV camera images. The methodolo-
gy is illustrated in Fig. 1 and the reader is referred to Lopez et al. (2015)
for further details. The algorithm allows the computation of the SO2 ﬂux
at pixel-row, p and line, l locations within the plume. First, SO2 massFig. 1. Graphic showing the method for calculating the SO2 ﬂux at pixel-row, p and line, l
based on a plume velocity vector (v) estimated from the optical ﬂow algorithm and mass
loading (M) estimated from theUV retrieval. An integral along thepath xo to x1, orthogonal
to the plume velocity is performed to determine themass per unit length (ml).Multiplying
ml by theplume velocity gives the SO2 ﬂux at p, l. This value of the SO2 ﬂux is assigned to an
area of dimension |x1− x0| × |x1− x0| (for further details see Lopez et al., in press).loadings (M) are estimated from the UV camera retrieval. Second, the
plume velocity vectors (v) using an optical ﬂow retrieval are calculated.
The optical ﬂow algorithm follows that of Farnebäck (2003), two, using
a polynomial expansion method to approximate the neighborhood of
each pixel with a quadratic polynomial. Integration ofM along the line
x0 to x1 that is orthogonal to the velocity vector, passing through the
center of the super-pixel group, determines the SO2 mass per unit
length (mL). Multiplying mL by the plume velocity gives the SO2 ﬂux
at pixel-row p and line l. This value of the SO2 ﬂux is assigned to a square
area, the size of a super-pixel.
3. Results
3.1. Background and meteorological conditions
Fig. 2 shows the atmospheric surface pressure ﬁeld (color-coded)
with an overlay showing the 10 m wind vector ﬁelds from the
European Centre for Medium-RangeWeather Forecasts (ECMWF) anal-
ysis for the day of theUV camerameasurements, November 28, 2012. At
the location of Putana, atmospheric pressure values of 590 mbar, tem-
peratures of 280 K and westerly winds with low speeds of 1.8 m s−1
are found.
Few aerosol observations are available for the central volcanic zone
of the Andes. An indication for the aerosol loading can be found in the
observations by Cordero et al. (2014). For January 15, 2013 the authors
derived a total UV aerosol loading AOD= 0.15 and a single-scattering
albedo SSA = 0.7 on the Chajnantor plateau (23°00′S, 67°45′W,
5100 m). This shows an inﬂuence from wind-blown dust on the other-
wise pristine and clear high altitude atmosphere.
Annual composite SO2 images from the Ozone Monitoring Instru-
ment (OMI) were unable to detect any sulfur dioxide emissions from
Putana above the background noise of the instrument.
3.2. UV imaging camera measurements
The UV imaging camera was transported to Putana volcano by a
4WD vehicle and mounted at an altitude of 4935 m a.s.l. at 22°35′S,
67°53′W, approximately at a horizontal distance of 6150 m south–
west of the volcano (see Fig. 3). The summit of Putana volcano
(22°33′S, 67°51′W, 5890 m a.s.l.) is seen at a viewing elevation angleFig. 2. ECMWF analysis of 10-m wind ﬁelds [m s−1] and surface pressure [mbar] (color-
coded) are shown for November 28, 2012 12:00 UTC (8:00 local time). The data have a
spatial resolution of 0.25° × 0.25°. The location of Putana volcano (22°33′S, 67°51′W) is
marked in red.
Fig. 3. Location map for Putana volcano. The fumarolic ﬁeld (red triangle) lies inside the
main vent along the Chilean–Bolivia border, and the measurement site (white square) is
located circa 6 km south–west from the volcano summit. The gray scale indicates topo-
graphic altitude between 4400 and 5800 m a.s.l., getting darker every 200 m, taken from
theASTER-GDEMdataset. The inset shows volcanoeswith passive degassing in theCentral
Andes of Chile. Main cities are named as well as the best known volcanoes.
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measurements were made over only a short period of time starting at
10:16 local time (LT) on November 28, 2012. Power availability and
the difﬁcult logistical conditions (high altitude and long drive) restrict-
ed the time period available for the measurements to just over 30 min.
Images were recorded at 12 Hz to capture the variability of the
plume dynamics at high speed, using the on-band ﬁlter at 310 nm cen-
tral wavelengths only. The observations were made under good light
conditions, excellent visibility and a cloudless sky. Exposure times
were about 0.03 s. A photo of the scene is given in Fig. 4 demonstrating
the excellent visibility of the fumaroles at the volcano summit under the
high altitude, cloud-free atmosphere.Fig. 4. Photo of the solfatara (fumaroles) at the summit of Putana volcano taken on
November 28, 2012.An example raw image obtained during the ﬁeld campaign at
Putana volcano is shown in Fig. 5. The square pixel size of the CCD is
dv = dh =1.13 m, which corresponds to a full image dimension of
about Dh =1500 m horizontally and Dv = 1150 m vertically. The trans-
lucent fumaroles cover approximately one-third of the image. This is an
optimal situation with respect to the estimation of the background
image intensity from the plume-free area to both sides of the fumaroles.
Due to the small ﬁeld-of-view of the optics used to obtain the measure-
ments the background is relative ﬂat and can easily be estimated using
the ﬁtting procedure described above (see Eq. (2)). For calibration, cus-
tommade cylindrical quartz cells with 50mmdiameter to cover the en-
tire ﬁeld of view of the camera optics have been used. Fumarolic SO2
ﬂuxes are retrieved within the marked sub-region of the image (see
white frame in Fig. 5).
3.3. SO2 ﬂuxes from the plume transect method
The “classical” method to calculate SO2 ﬂux, se is based on the esti-
mation of an integrated SO2 path concentration, w along a transect
across the plumemultiplied with the averaged plume speed, vp vertical
to this line. Plume speedswere derived from the spatial displacement of
features at the upper edge of the fumaroles seen in consecutive differ-
ence image pairs. A transect line is drawn through theplumeorthogonal
to the direction of the wind vector (see black line in Fig. 6). Fig. 6 shows
an SO2 column density image of the Putana fumaroles at 10:30 LT on
November 28, 2012. SO2 path concentrations as high as 2.7 g m−2 are
seen close to the vent. The gas stream mixes with the surrounding air
and disperses quickly to values below 0.5 g m−2 about 70 m above
the vent.
The rate of plume motion which can be resolved by the camera is
limited by the pixel width and plume speed. Assuming a maximum
plume (wind) speed of 10 m s−1 and a given pixel width of 1.13 m,
the minimum time for motion between pixels is 0.113 s (8.85 Hz),
which can be resolved within the data acquisition rate of the camera
(12 Hz).
A set of short time series of plume speeds, integrated SO2 column
mass and SO2 ﬂuxes for three periods on the same day are shown in
Fig. 7. The average plume speed vp was 3.8 m s−1, maximum values
peaked at about 6 m s−1. Sulfur dioxide ﬂuxes varied between
0.3 kg s−1 and 1.4 kg s−1, which translates to 26 t/day and 121 t/day as-
suming constant degassing.
Data from the camera were collected at 12 Hz sampling and aver-
aged to 1 s values, over ﬁve short time periods of 0.5–1.5 min dura-
tion (see Table 2). This short period of measurements is used to
assess whether the sampling rate of the data inﬂuences the estimate
of the ﬂux. It is expected that the ﬂux may vary due to wind ﬂuctua-
tions as well as changes in the amount of sulfur dioxide from the
fumaroles. Fig. 7 suggests that the wind speed is fairly constant:
vp = 3.8 ± 0.8 m s−1 with a coefﬁcient of variation (cv) of ~0.21.
The SO2mass loading is a little more variable. Themean and standard
deviation of the mass per unit length are: μ= 178.9 ± 49.7 g m−1,
cv ~ 0.28. The mean and standard deviation of the SO2 ﬂux for the
whole dataset matches those for 10 s samples (~100 image frames),
suggesting that measurements made both at 10 s or 1 min intervals
capture the inherent (turbulent) variability in both the wind and
SO2 amount.
3.4. SO2 ﬂuxes from the optical ﬂow algorithm
A more “advanced” algorithm for the estimation of SO2 ﬂuxes from
UV camera images based on an optical ﬂow algorithm was developed.
The methodology is illustrated in Fig. 1 and described in more detail in
Lopez et al. (2015). Whereas “classical” method only evaluates the ob-
servations along a given transect across the plume and average plume
speeds orthogonal to the transect, the “advanced” retrieval allows the
Fig. 5. Raw image of the Putana fumaroles at 10:17 LT on November 28, 2012. The box indicates the sub-region used for the analysis.
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gions of 20 × 20 pixels), as described above.
In Fig. 8 two images taken 36 s apart are shown. The snapshots illus-
trate variations in shape of the faint fumarole SO2 plumes and plumeve-
locity ﬁelds. The optical ﬂow solution for the image sequence
demonstrates the increasingwind speedwith distance from the surface.
The velocity ﬁeld for the main fumarolic vent and even the movement
within the faint structures circa 50 m below the main vent are well
resolved.Putana vo
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Formeasurements of SO2 emissions from ships using the sameUV im-
aging camera type, (Prata, 2014) reported uncertainties on the order of
20% for the SO2 ﬂux and 15% for the SO2 path-concentration under good
light conditions. As a rough estimate we expect uncertainties in the
same order of magnitude. Flux errors related to calibration errors and
the image-background ﬁtting procedure reported in Prata (2014) areTable 2
Mean and standard deviation of the ﬂux of SO2 from the Putana fumaroles. Statistics have
been calculated over different time ranges. The actual data were sampled at 0.1 s intervals
and values are provided at 10 s intervals and an overall value for 3min 20 s. Amean ﬂux se
of ~0.6 ± 0.2 kg s−1 is found.
Period se ± σ
(kg s−1) (kg s−1)
10 s 0.64 0.17
20 s 1.01 0.22
30 s 0.53 0.14
40 s 0.71 0.16
50 s 0.62 0.14
50 s 0.53 0.12
3 min 20 s 0.64 0.20considered applicable for the observations made at Putana volcano. The
camera location was estimated with GPS, but the absolute geometrical
distance error is expected to be higher than the GPS uncertainty, because
of the widespread nature of the fumarole ﬁeld (50 m compared to 10 m
given in Prata, 2014). The more “advanced” plume speed retrievals used
here are estimated having lower uncertainties (estimated to 0.5 m s−1
compared to 1 m s−1). Light dilution effects depend on the absolute dis-
tance between camera and image, Rayleigh scattering and atmospheric
background aerosol loading. The observationswere done during clean at-
mospheric conditions at high altitudes, where the Rayleigh volume-
scattering coefﬁcient is reduced by a factor of about 0.6 compared to stan-
dard atmospheric conditions (volume scattering coefﬁcient 0.125 km−1
for pure air; Penndorf, 1957). Windblown dust cannot completely be
disregarded, but for relatively low wind speeds its effect can be consid-
eredminimal. For a plume-source distance of about 6 km, the contrast at-
tenuation can lead to a negative bias (~36% for 0.6 * Rayleigh
atmosphere). The observations were performed with the on-band ﬁlter
only. The second off-band-ﬁlter would be needed to compensate for
broad-band effects, e.g., light scattering by aerosols and condensed
water droplets and aerosol (ash) absorption. For optically thick and dis-
tant plumes radiative transfer related uncertainties for SO2 columndensi-
ty measurement by UV camera can be very high or even inhibit sensible
retrieval (for details see Kern et al., 2013). Typical biases of about 35%
Fig. 8.Estimates of plume speeds [ms−1] using an opticalﬂowalgorithm. Plume-speedvectors are overlain on top of the digital numberDN for two images taken at 10:29:29 LT (left panel)
and 10:30:05 LT (right panel).
Fig. 9. SO2 ﬂuxes for the Putana fumarole ﬁeld observed on November 28, 2012 at 10:29:29
LT (upper panel) and at 10:30:05 LT (lower panel). Mean ﬂuxes are 0.9 ± 0.6 kg s−1
(at 10:29:29 LT) and 0.7 ± 0.6 kg s−1 (at 10:30:05 LT).
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the very faint, basically ash free and translucent fumaroles of Putana vol-
cano, we estimate a maximum of 10–15% bias by omitting the off-band
observations. As some of the uncertainties may compensate each other
(e.g., light dilutions leads to a low bias, while aerosol absorption results
in a high bias), we estimate a total uncertainty of about 25–30%, which
is comparable to the standard deviation of the SO2 ﬂuxes.
4. Discussion and conclusions
Activity at Putana volcano has been in a fumarolic state since the be-
ginning of last century. Due to its remote location neither detailed geo-
logical studies have beenmade nor gas ﬂuxes have beenmonitored and
therefore its evolution remains unknown. Here we provide the ﬁrst es-
timates of SO2 ﬂuxes from the fumarolic ﬁeld of Putana from observa-
tions with an ultraviolet imaging camera made on November 28,
2012. The short time sequence recorded at 12 Hz demonstrates the ap-
plicability of the UV camera to detect such emissions.
For the area around Putana no local meteorological data were avail-
able. From the SO2 camera observations, fairly constant, relatively low
plume speeds were derived for the summit of Putana (vp = 3.8 ±
0.8 m s−1). This is consistent with the general wind-ﬁeld analysis
from the ECMWF analysis showing low regional wind-speeds of circa
1.8 m s−1 (0.25 × 0.25 latitude/longitude grid). Nevertheless, the fore-
cast wind speeds do not capture the plume velocity ﬁeld well. The
plume velocity ﬁeld is a function of gas emissions, plume rise dynamics
and the atmospheric background wind vector ﬁeld. Only a fast imaging
technique like the SO2 camera used for the observations at Putana vol-
cano, coupledwith amotion detection algorithm, e.g. an opticalﬂow re-
trieval, can capture its spatial distribution and rapid temporal
variations.
The observations from November 28, 2012 show relatively high SO2
ﬂuxes varying between 0.3 kg s−1 and 1.4 kg s−1. The short measure-
ment serieswas used to assesswhether the sampling rate of the data in-
ﬂuences the estimate of the SO2 ﬂux. The ﬂux mean and standard
deviation of the whole data set matches those for 10 s samples (~100
image frames), suggesting that measurements made at 10 s and 1 min
intervals capture the inherent (turbulent) variability in both the wind
and SO2 amount. If the 30 min observations are considered representa-
tive for observations throughout the day this would translate to daily
SO2 ﬂuxes between 26 t/day and 121 t/day.
Furthermore, we demonstrate how an optical ﬂow algorithm can
be integrated with the SO2 retrieval to calculate SO2 ﬂuxes at pixel
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speed with distance from the surface. Even movement of faint struc-
tures outside of the main vent was resolved well. Mean estimates re-
trieved from the “classical” transect analysis and the “advanced”
optical-ﬂow based retrieval were comparable. Average SO2 ﬂuxes
of 0.64 kg s−1 ± 0.20 kg s−1 and 0.70 kg s−1 ± 0.53 kg s−1 were de-
rived from a “classical” transect method and the “advanced” optical
ﬂow based retrieval, respectively. As expected the optical ﬂow
based retrieval shows larger variability as ﬂuctuations over the
whole plume geometry are taken into account.
Assuming constant emissions throughout all times, these values
would result in an average annual burden of 20–22 kT. It is known
that magmatic degassing is the dominating ﬂuid source for the Putana
volcano, and fumarolic gas species are dominated by SO2 and H2S
(Tassi et al., 2011), so the relatively high ﬂuxes estimated here seem
reasonable. A recently published study reported SO2 ﬂuxes for Putana
of 0.46 kg s−1 for December 5, 2012, about a week after our ﬁeld
study, and 1.1 kg s−1 ± 0.9 kg s−1 for 3 days in December 2013
(Tamburello et al., 2014). These results are comparable with the obser-
vations reported here. Even higher SO2 ﬂuxes of 2.1 kg s−1 were seen
during recent ﬁeld observations at Putana using a portable mini-DOAS
instruments (Bucarey, C., OVDAS-SERNAGEOMIN, pers. comm., May
2014).
The UV imaging camera observations presented here illustrate the
need for additional studies and long-term monitoring of the fumarolic
ﬁelds of Putana and other remote located volcanoes in the central
Andes. With remote sensing equipment such as integrated camera-
spectrometer systems generally becoming more automatized, a good
estimate of the global sulfur budget could be gained in a cost-efﬁcient
way. Advanced image processing like optical ﬂow based ﬂux estimates
derived from high frequency recordings can be considered as an impor-
tant step forward. Such developments allow not only volcanic process-
es, but also turbulent variability in the gas emissions to be studied. Still,
more work is needed to carefully exploit and inter-compare the differ-
ent methods for plume-speed and ﬂux retrievals from ultraviolet imag-
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